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INTRODUCTION 

This paper i s  p a r t  o f  a s e r i e s  o f  papers (1-4) d i r e c t e d  t o  i n fo rm t h e  research 
community o f  t h e  major achievements obtained du r ing  t h e  development o f  t h e  
In teg ra ted  Two-Stage L ique fac t i on  (ITSL) process and recent  r e s u l t s  from a few 
research l abo ra to r ies  which are c l o s e l y  r e l a t e d  t o  t h e  ITSL approach. The 
conclus ion der ived from these achievements i s  t h a t  t h e  low-sever i ty  approach, 
exemp l i f i ed  by t h e  ITSL process, has shaped a new d i r e c t i o n  i n  d i r e c t  coal 
l i q u e f a c t i o n  development which needs f u r t h e r  complementary support work o f  
man i fes t l y  fundamental nature. 

This paper in tends t o  demonstrate t h a t  low-sever i ty  coal  l i q u e f a c t i o n  
operat ions are inst rumenta l  i n  producing some un ique ly  s t ruc tu red  hydrocarbon 
d i s t i l l a t e  products. While t h e  s t r u c t u r e  of these hydrocarbons can be t raced  
t o  t h e  unique condensed c y c l i c  hydrocarbon s t r u c t u r e  present  i n  coals ,  t h e  
low-sever i ty  operations, p rac t i ced  i n  staged coal l i q u e f a c t i o n  processes, a re  
t h e  main con t r i bu to rs  t o  t h e  maintenance o f  t h e  c y c l i c  s t r u c t u r e  throughout 
and up t o  t h e  f i n a l  d i s t i l l a t e  products. 

LOW-SEVERITY OPERATIONS 

The ITSL and Chevron Two-Stage Coal L ique fac t i on  processes have been descr ibed 
p rev ious l y  i n  d e t a i l  (5-7) and they  are rep resen ta t i ve  o f  t h e  novel low- 
s e v e r i t y  staged operat ion approach which have shown t o  y i e l d  most ly  r e a c t i v e  
low-molecular-weight fragments (8). Other low-sever i ty  staged processes have 
been repor ted i n  t h e  l i t e r a t u r e  bu t  bench-scale e f f o r t s  were never conducted 
t o  a s teady-state or a f u l l y  i n t e g r a t e d  operations, from which t h e  requ i red  
ma te r ia l  and energy balances can be secured. 

The staged process approach i s  based on t h e  f a c t  t h a t  t he re  a re  two d i s t i n c t  
paths - thermal and c a t a l y t i c  - t o  e f f i c i e n t  coal l i q u e f a c t i o n  f o r  ob ta in ing  
"meaningful" f u e l  products  and t h a t  t h e  two must be separated because 
they have q u i t e  d i f f e r e n t ,  almost opposite, optimum operat ing cond i t i ons .  

I n  t h e  f i r s t  stage coal and hydrogen donor so lvent  a re  reacted under hydrogen 
gas overpressure t o  form an "adduct" between coal and so lvent .  
q u a l i t y  o f  the hydrogen donor so l ven t  i s  exce l l en t ,  as measured by p ro ton  
NMK (9), p r a c t i c a l l y  no gaseous hydrogen i s  consumed and t h e  r e s u l t a n t  adduct 
conta ins exac t l y  t h e  a r i t h m e t i c  average o f  hydrogen a v a i l a b l e  i n  t h e  two 
components, i.e., so l ven t  and coal mixed i n  a S/C r a t i o  o f  1.8 and con ta in ing  
8.0-8.5 and 4.5-5.0 weight percent hydrogen, respec t i ve l y ,  form an adduct w i t h  
6.5-7.2 weight percent hydrogen. 

I f  t h e  
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Since t h e  bes t  hydrogen donor so lvent  seems t o  be produced by " c a t a l y t i c "  
hydrogenation a t  about 400°C i n  t h e  ITSL second stage, t he  donor so lvent  i s  
e f f i c i e n t l y  dehydrogenated i n  t h e  "thermal" f i r s t  stage a t  temperatures we l l  
above 400OC. 
observed because o f  t h e  hydrogen gas overpressure i n  t h e  reactor .  

The high temperature requ i red  i n  t h e  thermal f i r s t  stage serves a l so  t o  
conver t  e f f i c i e n t l y  coal  preasphaltenes and asphaltenes t o  o i l s .  It i s  
f o r t u n a t e  t h a t  these conversions are very f a s t  and t h e  sho r t  r e a c t i o n  t ime 
prov ides t h e  l ow-seve r i t y  operat ions requ i red  t o  avoid re t rog ress i ve  
react ions.  The optimum s h o r t  contact  t ime  i s  o f  t h e  order  o f  2-3 minutes, 
measured f rom t h e  r e a c t o r  i n l e t  temperature o f  320°C t o  t h e  o u t l e t  a t  
440-450°C. 

The coal e x t r a c t  produced i n  the  f i r s t  stage has been shown ( 6 )  t o  be more 
s u i t a b l e  than  SRC I e x t r a c t  f o r  t he  depolymer izat ion occu r r i ng  i n  t h e  
c a t a l y t i c  second stage. The low-sever i ty  ope ra t i on  i n  the  second stage i s  
maintained by l i m i t i n g  t h e  reac t i on  temperature a t  400°C or below. 

There a re  severa l  reac t i ons  occu r r i ng  i n  t h e  c a t a l y t i c  second stage. The 
th ree  most impor tant  are: 1. the  hydrogenation o f  t he  solvent; 2. t h e  
removal o f  t h e  heteroatoms, and 3. t h e  depolymer izat ion o f  t he  condensed 
aromatic compounds. 

The requirements o f  t h i s  operat ion a r e  t o  maximize t h e  hydrogen donor q u a l i t y  
o f  the recyc le  so l ven t  and t h e  removal o f  heteroatoms, wh i l e  l i m i t i n g  the  
depolymer izat ion t o  " c o n t r o l l e d "  r i n g  opening wi thout  des t roy ing  t h e  c y c l i c  
nature o f  t h e  d i s t i l l a t e  u l t i m a t e l y  produced. A l l  these reac t i ons  have t o  
be c a r r i e d  o u t  w i t h  t h e  minimum consumption o f  hydrogen and w i t h  a 
ca ta l y t i c -bed  reac to rs  adsorbing about one m i l l i o n  BTU per ton  o f  coal  
processed owing t o  t h e  h i g h l y  exothermic hydrogenation react ion.  Moreover, 
t h e  requi red o v e r a l l  m a t e r i a l  balance i n v o l v i n g  hydrogen, recyc le  so lvent  
and d i s t i l l a t e  product  balances must be reached and maintained f o r  a successful 
i n teg ra ted  cont inuous operat ion,  even though the re  i s  a continuous d e c l i n i n g  
c a t a l y s t  a c t i v i t y .  

Asking f o r  a l l  t hese  requ i red  tasks t o  be accomplished i n  a s i n g l e  c a t a l y t i c  
reac to r  seems t o  be asking t h e  impossible. And y e t  by us ing an expanded 
c a t a l y t i c  bed reac to r ,  s i m i l a r  t o  t h e  commercial H - O i l  r eac to r  used i n  petroleum 
re f i ne r ies ,  most o f  t h e  task  requirements a re  met. 

On the  o the r  hand, t h e r e  a r e  many reac t i ons  occu r r i ng  i n  t h e  second stage which 
could be p a r t i a l l y ,  i f  not t o t a l l y ,  accomplished i n  t h e  f i r s t  stage, t a k i n g  t h e  
workload away from t h e  second stage. 
focused t o  produce b e t t e r  donor so l ven t  and d i s t i l l a t e  product q u a l i t i e s .  
t h e  t o t a l  d i s t i l l a t e  coming ou t  o f  t h e  c a t a l y t i c  second stage t h e  -343°C (-650OF) 
f r ac t i on ,  corresponding t o  t h e  overhead f r a c t i o n  of t h e  atmospheric f l a s h  
d i s t i l l a t i o n ,  was se lec ted  as the  optimal product  f o r  being env i ronmenta l ly  
acceptable and a l ready  i n  t h e  gasol ine, d iese l  and j e t  f u e l  b o i l i n g  range, as 
shown i n  F igure 1, and be upgraded t o  s p e c i f i c a t i o n  t r a n s p o r t a t i o n  f u e l s  us ing 
modern commercial petroleum-processing technology. 

No hydrogen l o s s  from t h e  donor so lvent  t o  gas phase i s  

I n  t h e  l a t t e r ,  more emphasis could be 
O f  
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Figure 1 shows t y p i c a l  d i s t i l l a t i o n  curves o f  severa l  coal -der ived o i l s  
compared t o  t h a t  o f  an a r a b i a n - l i g h t  petroleum crude. 
d i f f e rences  between t h e  ITSL d i s t i l l a t e  and t h e  petroleum crude as we l l  as 
t h e  o the r  coal l i q u i d s .  I n  p a r t i c u l a r ,  t h e  ITSL d i s t i l l a t e  conta ins a much 
l a r g e r  middle d i s t i l l a t e  f r a c t i o n  (76  volume percent b o i l s  between 200° and 
35OoC), and l e s s  naphtha than coal -der ived o i l s  produced a t  h ighe r -seve r i t y  
process condi t ions.  

It i s  thought t h a t  t h i s  unique c h a r a c t e r i s t i c  o f  t he  ITSL d i s t i l l a t e  supports 
t h e  c la im  o f  being ab le  t o  produce coal  der ived "New Fuels" t h a t  are 
s i g n i f i c a n t l y  d i f f e r e n t  from d i s t i l l a t e  der ived from petroleum crudes. 

The ITSL d i s t i l l a t e  has been r e f i n e d  success fu l l y  i n  a prototype r e f i n e r y  (10) 
us ing  modern r e f i n i n g  technology t o  produce s p e c i f i c a t i o n  t r a n s p o r t a t i o n  f u e l s  
w i t h  d i s t i n c t i v e  advantageous features, as w i l l  be described l a t e r .  

One no t i ces  s i g n i f i c a n t  

NEW FUELS 

Owing t o  t h e  condensed c y c l i c  s t r u c t u r e  o f  coal ,  t h e  m a j o r i t y  o f  t he  d i s t i l l a t e  
products obv ious ly  w i l l  con ta in  mos t l y  condensed c y c l i c  compounds, no ma t te r  
what l i q u e f a c t i o n  approach i s  used. However, coal l i q u e f a c t i o n  a t  h igh -seve r i t y  
operat ions y i e l d  l a r g e  q u a n t i t i e s  o f  l i g h t  naphtha which, i n  most instances, 
con ta in  above 45 volume percent  of pa ra f f i ns  (11). 
condensed and non-condensed aromatics t o  p a r a f f i n s  requi res t h e  unnecessary 
consumption o f  hydrogen and i s  an i n d i c a t i o n  o f  operat ions t h a t  are no t  
o p t i m a l l y  con t ro l l ed .  

On the  o the r  hand, l ow-seve r i t y  l i q u e f a c t i o n  processes are ab le  t o  depolymerize 
coals  t o  low-molecular weight d i s t i l l a t e s  t h a t  cons i s t  almost e x c l u s i v e l y  
o f  c y c l i c  compounds. 
s e l e c t i v i t y  t h e  enclosed t a b l e  shows t h e  product y i e l d  s t r u c t u r e  o f  t h e  
nominal b o i l i n g  p o i n t  t o  -350OC d i s t i l l a t e s  produced by t h e  ITSL process i n  
which on ly  mono- t o  condensed t r i - c y c l i c  compounds are present, no ma t te r  
which t ype  o f  coal i s  used, bituminous I l l i n o i s  No. 6, Burning S ta r  Mine o r  
subbituminous Wyodak, South P i t  Mine. Furthermore, one can observe t h a t  t h e r e  
a re  no condensed t e t r a c y c l i c s  and, f o r  t h e  bituminous coal ,  no p a r a f f i n s .  
seems l i k e l y  t h a t  t h e  p a r a f f i n s  found i n  t h e  d i s t i l l a t e  f r a c t i o n  o f  t h e  
subituminous coal, probably were der ived from t h e  o r i g i n a l  s t r u c t u r e  o f  t h e  coal, 
r a t h e r  than  being formed a t  l ow-seve r i t y  operations. This  assumption needs t o  be 
confirmed by a more p rec i se  cha rac te r i za t i on  o f  t he  p a r a f f i n i c  species i n  t h e  
o r i g i n a l  coal and by mon i to r i ng  t h e i r  poss ib le  conversion t o  lower-molecular 
weight pa ra f f i ns ,  e i t h e r  i n  t h e  thermal or t h e  c a t a l y t i c  stage o f  processing. 

F igure 2 shows t h e  comparative t r u e  b o i l i n g  p o i n t  curves o f  t h e  ITSL atmospheric 
f l a s h  d i s t i l l a t e s  from Wyodak and I l l i n o i s  No. 6 coals, which reveals  h ighe r  
b o i l i n g  compounds i n  t h e  m i d d l e - d i s t i l l a t e  range f o r  t h e  Wyodak coal .  
were unexpected s ince  subbituminous coal contains, on t h e  average, lower  molecular- 
weight condensed aromatic c l u s t e r s  and data from t h e  H-Coal d i s t i l l a t e s  from t h e  
same two coals  have shown much lower b o i l i n g  curves f o r  Wyodak than  f o r  I l l i n o i s  
No. 6 coal (11). 
cond i t i ons  f o r  t he  two coals, whereas i n  t h e  ITSL's c a t a l y t i c  second stage 
operat ions f o r  I l l i n o i s  No. 6 were conducted a t  4OO0C and f o r  t h e  Wyodak coal  
a t  370OC. 
d i s t r i b u t i o n ,  i n  t h i s  case t h e  condensed t r i - b i  and monocycl ic r a t i o s ,  can be 

Needlessly conver t i ng  

To under l i ne  t h e  importance o f  t h i s  ex t ra -o rd ina ry  

It 

The r e s u l t s  

It should be noted t h a t  t h e  H-Coal process operated a t  t h e  same 

From these r e s u l t s  one might  conclude t h a t  t h e  d i s t i l l a t e  product  y i e l d  
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modif ied by changing process ing cond i t i ons  - a very d e s i r a b l e  fea tu re  o f  
con t ro l1  ed processing f l  e x i  b i  1 i t y .  

The fact t h a t  we can produce d i s t i l l a t e s  fran coal con ta in ing  almost 
e x c l u s i v e l y  se lected c y c l i c  hydrocarbons, and can modify, under c o n t r o l l e d  
condi t ions,  t h e i r  r a t i o s  w i t h i n  a se lected b o i l i n g  range i s  indeed one o f  t h e  
most important achievements i n  d i r e c t  coal l i q u e f a c t i o n  RBD. 

Another very impor tan t  p o i n t  i s  t h a t  these uniquely  s t r u c t u r e d  d i s t i l l a t e s  have 
been character ized as "High Density Fuels," meaning t h a t  they prov ide g rea te r  
energy p e r  u n i t  volume than do t h e  more conventional f ue l s .  

F igure 3 i l l u s t r a t e s  t h e  s e l e c t i v e  conversion o f  coal t o  most ly  b i c y c l i c  
compounds such as naphthalenes, t e t r a l i n s  and decal ins,  represent ing about 
50 percent o f  t he  t o t a l  aromatics, hydroaromatics and naphthenes produced a t  
low-sever i ty  operat ions,  respect ive ly .  These "High Densi ty  Fuels"  have 
d i f f e r e n t  p roper t i es  than petroleum-derived t r a n s p o r t a t i o n  f u e l s  and can be 
considered as "New Fuels"  w i t h  p o t e n t i a l  new app l i ca t i ons .  I n  addi t ion,  t o  
prov ide des i rab le  "more mileage per  g a l l o n  fue l s "  and "lower f reez ing  p o i n t "  f o r  
j e t  f ue l s ,  these unique f u e l s  can be produced a t  several l e v e l s  o f  hydrogen 
t o  s u i t  s p e c i f i c  new engine requirements, and, poss ib l y  improve t h e i r  performance. 

C a t a l y t i c  "hydrogenation" and "dehydrogenation" o f  these d i s t i l l a t e s  r e q u i r e  
low a c t i v a t i o n  energy o f  about 15 kcal/mole t o  produce, as des i red,  e i t h e r  
napthenes. or hydro-aromatics, or on ly  aromatics, wi thout  break ing t h e  o r i g i n a l  
r i n g  s t ruc tu re .  

The v e r s a t i l i t y  o f  t h e  products as f u e l s  can be apprec iated i f  one notes t h e  
i n t r i n s i c  p roper t i es  o f  each o f  these products, whether they a re  condensed or 
non-condensed. 

Naphthenes, upon hea t ing  p r i o r  t o  combustion, dehydrogenate t o  produce 
zromatics and l a r g e  q u a n t i t i e s  o f  hydrogen p rov id ing  a des i rab le  s t rong 

cool ing"  (endothermic) a c t i o n  i n  t h e  precombustion zone. The m ix tu re  o f  
hydrogen and aromat ics i s  a h i g h l y  des i red f u e l  f o r  r e c e n t l y  developed h i g h  
pe r fonance  engines. 

Hydroarcmatic:, alone, have never been t e s t e d  as fue l .  
behaviour as r a p i d  hydrogen donors" i n  coal l i q u e f a c t i o n  they cou ld  prov ide 
hydrogen p l u s  aromat ics a t  a f a s t e r  r a t e  than naphthenes, i f  t h i s  would be a 
des i rab le  feature.  

Aromatics would p rov ide  h ighe r  combustion temperatures than naphthenes and 
hydroaromatics and c o u l d  be s u i t a b l e  f o r  newly in t roduced engines, i .e., 
ceramic engines, a l though soot  format ion problems need t o  be solved f o r  t h i s  
t ype  of fuel.  An a l l - a romat i cs  fue l  would be t h e  l e a s t  expensive t o  produce 
Since it would r e q u i r e  t h e  l e a s t  hydrogen a d d i t i o n  i n  coal processing and 
r e f i n i n g  steps. 

On t h e  bas i s  o f  t h e i r  

CONCLUDING REMARKS 

It i s  imperat ive t o  promote t h e  development o f  these new fue l s  and even tua l l y  
o the r  forms o f  f u e l s  from coal ,  p resen t l y  i n  t h e  exp lo ra to ry  research stage, by 
e x p l o i t i n g  t h e i r  unique proper t ies.  
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They have t h e  p o t e n t i a l  t o  c rea te  t h e i r  own specia l  f u e l  market as ide from-- 
as we l l  as i n  combination with--petroleum fue l s .  

Consequently, suppor t ive funding f o r  t h e  development o f  new fue l s  from coal 
should no t  be nega t i ve l y  a f f e c t e d  by t h e  cu r ren t  low cos t  o f  petroleum. 
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TRUE BOILING POlM DISTIUATIONS FOR 
ARABIAN LIGHT CRUDE, SHALE OIL AND 

COAL-DERIVED SYNCRUDES 

ITSL DISTILLATE PRODUCTS 
NOMINAL - 850°F 

ILLINOIS NO 6 WYODAK 
WOW4998 SGCl9774 

PARAFFINS 0.0 3.7 

MONOCYCLICS 26.3 16.4 

BlCYCLlCS 50.6 48.3 

TRlCYCLlCS 21.6 29.5 

0.0 TETRACYCUCS 

TOTAL HYDROCARBONS 98.4 97.9 

- 0.0 - 

SOURCE CHEVRON R e 0  CO. 

COMPARISON OF 721-71O.f END POINT 
WODAN AN0 ILLINOIS 1lSL OIL PILOT PLANT FEEDS 

IASTU D 2887 DISTILLATIOUSI 

o WOOAK. sGa 9774 
IWNOIS. WOW 4998 

VERSATILE "NEW FUELS" FROM COAL 

-HIGH D~NSIIY FUELS ' 

FIGURE 3 
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